Introduction
The original question behind this study was, whether we can deduce something about the compositional process order in tonal music by computer. To do that, our current model searches for similar melodic structures in classical polyphonic pieces. Through the similarities, we attempt to map the large-scale musical structures and to propose hypotheses about the compositional process order between simultaneous voices.
There are several computer-assisted studies in which melodic similarities in compositions are investigated, for example to find segmentation boundaries or patterns for music information retrieval (e.g. Hewlett 1998 , Lartillot 2007 . The novelty of the approach is its application and aim, rather than the development of the model. To consider what the composer might have written first, and what has been subsidiary in the compositional process, benefits composition students especially, since such observations reveal something about constructing the musical form. Counterpoint textbooks, for instance, seldom contribute to the overall organisation of a piece (Schubert 1999) .
The compositional process includes several phases. In classical fugal pieces, for example, the main theme, with its variants and fixed countersubjects, has most probably been written before the 'freer parts' that occur at the same time (see Figure 1a below ). At least, our algorithm should distinguish between these themes and the freer filling voices.
The Method
We have defined only one simple hypothesis for the basis of our current application: those melodic-motivic patterns that occur more than once are seen as more important and might have been written before those that occur only once in the piece. In addition, we give more weight to those melodic patterns that occur more often.
The model estimates similarities between melodic patterns of equal length. A piece is considered to be a list of separate voices. The melodic 'segments' are derived from the sequence of chromatic intervals between the consecutive pitches in a voice, that is to say, the representation is transposition invariant.
For that, continuous musical data are automatically segmented into overlapping segments of the same cardinality (length), that is to say, n-grams. The only musical parameter that we concentrate on here is intervals. Since the durations and rests are ignored, the melodic intervals interrupted by rests are also computed.
As an example, the first violin pattern s₁ of cardinality 4 derived from the fugue theme (c.f. Figure 1a) is defined with pitch-interval representation (+1,-1,-2) , the second one with s₂=(-1,-2,+2) and so on (Figure 2 below) .
After the segmentation of all parts, we compare all objects of the same length with all other objects. Only the strict identity of motive representations is accepted for the similarity of motives. However, we consider the chromatic intervals -1 and -2, and 1 and 2 to be similar. This emphasises the importance of the pattern contour and note directions independent of the scale structure.
The resulting graph reveals which segments are more commonly found in the piece, at a particular moment in the piece. Each note in the 'weighted' piano-roll score is marked in bold according to how many times it belongs to segments that occur at least twice (Figures 1b  and 3 ). Let us say that we segment the voices of a composition twice using the segmentation cardinalities 4 and 5. One note can now belong to many segments: if all of the segments marked in Figure 2 occur more than once in a piece, the fourth note, for instance, belongs to eight different segments and is weighted in the piano-scroll representation according to its number of 'hits' (4+4). Different parts in a pianoroll representation are coloured using different colours.
Sample Analysis
We demonstrate our approach with the fugue from Bach's Orchestral Suite No. 2 in B minor BWV 1067 for a solo flute, strings and basso continuo. The piece thus consists of five voices. In tutti sections, the flute doubles the first violin part. These doublings are omitted, because it is not desirable that the procedure finds melodic repetitions caused by doublings. The piece was segmented seven times using the segmentation cardinalities 4--10. The values of cardinality 'thresholds' were chosen intuitively.
The schematic representation of the score clearly reveals some basic structures like repeated sections of the piece (Figure 3 at the bottom).
The exposition seems to be based on, for the most part, the fugue theme and its fixed countersubject. Other material from the exposition is written more freely. We may also suggest some straightforward hypotheses according to the graph. For example, the bass part is most probably written first in bars 18--25, 105--110 and 167--176 (marked in Figure  3 ). This is supported by the regular motives which the bass part consists of. The weighted figure corresponds well to our intuitively proposed hierarchy in bars 84--90: compare also Figure 1a with 'zoomed' Figure 1b (below).
Future Directions
We should next evaluate priorities between simultaneous voices by taking the interplay between them into account. For that, we might, for example, measure the information transfer between different voices (Schreiber 2000) or/and emphasise the less dissonant voices and longer notes.
To analyse a single composition of a particular composer is just the first stage in utilising this kind of application. The next step would be to analyse several compositions of the same type by the same composer in order to draw more general conclusions about the composer's formal conventions. Finally, we can go further and make comparisons between the formal techniques of different composers.
